Polymorphisms in the Plasmodium falciparum multidrug resistance 1 (pfmdr1) gene impact sensitivity to multiple antimalarials. In Africa, polymorphisms at N86Y and D1246Y are common and have various impacts on sensitivity to different drugs. To gain insight into the fitness consequences of these polymorphisms, we cultured parasites isolated from children with malaria in Tororo, Uganda, where the multiplicity of infection is high, and used pyrosequencing to follow polymorphism prevalences in culture over time. Of 71 cultures, parasites in 69 were successfully analyzed at N86Y and parasites in 68 were successfully analyzed at D1246Y over 3 to 36 days of culture. For position 86, the sequences of 39/69 (56.5%) parasites remained stable (>90% prevalence over 2 to 17 time points), with 82.1% of these being stable for the 86Y mutation. For position 1246, the sequences of 31/68 (45.6%) parasites remained stable, with 64.5% of these being stable for the wild-type D1246 sequence (P ‫؍‬ 0.0002 for comparison of stable mutant genotypes for the two alleles). Defining allele selection as a >15% change in prevalence between the first and last samples assessed, for position 86, 11 samples showed selection, with selection toward 86Y occurring in 72.7% of alleles; for position 1246, 14 samples showed selection, with selection toward D1246 occurring in 64.3% of alleles (P ‫؍‬ 0.11 for comparison of selection of mutations at the two alleles). Among the 7 samples with selection at both alleles, 5 showed selection for both 86Y and D1246. Overall, consistent trends in the direction of selection were seen, although differences were not statistically significant. Our results suggest fitness advantages for parasites with the pfmdr1 86Y mutation and wild-type D1246, highlighting the complex interplay between drug resistance and fitness in malaria parasites. (This study has been registered at ClinicalTrials-.gov under registration no. NCT00948896 and NCT00993031.)
R
esistance of Plasmodium falciparum to widely used antimalarials is one of the greatest challenges to the control of malaria. Increasing resistance has been thwarted somewhat by the advent of highly effective artemisinin-based combination therapies (ACTs) for the treatment of falciparum malaria, but potential resistance to both artemisinins and partner drugs is of great concern (1, 2). Mechanisms of drug resistance in malaria parasites are incompletely understood. For 4-aminoquinolines, polymorphisms in the P. falciparum crt (pfcrt) gene, in particular, the 76T mutation, are the principal mediators of resistance to chloroquine and amodiaquine (3) , but for most other antimalarials, resistance mechanisms are more complex (4) .
Polymorphisms in the P. falciparum multidrug resistance 1 (pfmdr1) gene impact sensitivity to a diverse set of antimalarial drugs (5, 6) . This gene encodes the P-glycoprotein homolog protein, which is homologous to transporter proteins in other organisms. In humans, P-glycoprotein polymorphisms are associated with resistance to cancer drugs (7) . In P. falciparum, pfmdr1 localizes to the food vacuole membrane (8) . The N86Y and D1246Y mutations in pfmdr1 (N86 and D1246 are considered the wildtype sequences on the basis of the sequence of the 3D7 reference strain), which are common in Africa, have been linked to decreased sensitivity to chloroquine and amodiaquine but increased sensitivity to lumefantrine, halofantrine, mefloquine, and artemisinins (9) (10) (11) (12) . Other polymorphisms primarily seen outside Africa (1034C, 1042D, and increased gene copy number) are associated with altered sensitivity to halofantrine, mefloquine, and artemisinins (12) (13) (14) (15) . An additional polymorphism, Y184F, is common but of uncertain significance (6) . Additional insight into the roles of pfmdr1 polymorphisms in drug sensitivity can be gained by evaluation of the selection of specific alleles in infections that emerge soon after prior therapy with long-acting drugs. Of particular interest are studies with artesunate-amodiaquine and artemether-lumefantrine, the two most widely used ACTs in Africa. In studies in Tanzania (16) , Burkina Faso (17) , and Uganda (18) , therapy with amodiaquine-containing combination regimens selected for the 86Y and (in East Africa) 1246Y alleles in subsequent infections. In contrast, therapy with artemether-lumefantrine selected for the N86 and D1246 polymorphisms in subsequent infections within 60 days of prior therapy (16, 17, (19) (20) (21) (22) . Importantly, the impacts of pfmdr1 polymorphisms on drug sensitivity are modest, correlations between particular polymorphisms and treatment efficacy have not been seen, and artesunate-amodiaquine and artemether-lumefantrine remain highly efficacious for the treatment of uncomplicated falciparum malaria in Africa (23, 24) . However, as seen for chloroquine and amodiaquine, pfmdr1 polymorphisms may contribute, with additional polymorphisms, to higher-level resistance to the component drugs of ACTs, which are now increasingly used.
An important consideration is the impact of P. falciparum polymorphisms selected by particular drugs on parasite fitness. For pfcrt, the impact of resistance-mediating mutations on fitness is clear. In Malawi, chloroquine was discontinued as the treatment of choice for malaria in 1993, and parasites harboring the wildtype K76 sequence reappeared (25) , with a return to excellent treatment efficacy for chloroquine (26) . For pfmdr1, the impacts of common polymorphisms on parasite drug sensitivity are less pronounced, and impacts on fitness have been little studied. In one study, parasites with replacement of wild-type pfmdr1 with a gene with 4 mutations (184F, 1034C, 1042D, 1246Y) demonstrated a loss of fitness in coculture experiments, whereby wildtype parasites outgrew those with mutant pfmdr1 (27) . In parasites selected in vitro for resistance to mefloquine, amplification of the pfmdr1 gene was seen without any single nucleotide polymorphisms, and in coculture experiments, wild-type parasites outgrew those selected with mefloquine (28) . These experiments provide the most direct demonstration of the fitness consequences of pfmdr1 polymorphisms, but they did not consider the pfmdr1 86Y mutation, which is common and appears to play a key role in drug sensitivity in Africa. In a study in the Gambia, the prevalence of pfmdr1 N86 wild-type parasites was greater at the beginning of the transmission season than later in that season, consistent with a selective advantage for the wild-type parasites when selective drug pressure is limited (29) . In contrast, in Uganda, ex vivo culture of fresh isolates with mixed genotypes at the pfmdr1 position 86 locus demonstrated selection of the mutant 86Y allele (30) . In summary, limited available data demonstrate apparent fitness advantages for parasites with certain pfmdr1 sequences, but the specific relevance of the most common polymorphisms in Africa is uncertain.
To better characterize the impacts of the most important pfmdr1 polymorphisms in Africa, we cultured parasites from Ugandan children and followed the prevalence of pfmdr1 N86Y and D1246Y genotypes over time. We posited that many infections in this high-transmission area would be polyclonal and that the tendencies of certain genotypes to overgrow others in culture would highlight differences in fitness. We found that selection was uncommon but that when it occurred, two pfmdr1 polymorphisms, one considered a mutation and associated with decreased sensitivity to chloroquine and amodiaquine (86Y) and one considered wild type and associated with decreased sensitivity to mefloquine, lumefantrine, and other drugs (D1246), were selected. These results suggest complex determinants of fitness and drug resistance.
MATERIALS AND METHODS
Parasite sampling and culture. All samples were from children enrolled in randomized trials of malaria chemoprevention and presenting with uncomplicated falciparum malaria in Tororo, Uganda. Details of both trials are described elsewhere, and protocols are available at clinicaltrials.gov (NCT00948896 and NCT00993031). Both trials were approved by the Makerere University School of Medicine Research and Ethics Committee, the Uganda National Council for Science and Technology, and the University of California, San Francisco, Committee for Human Research. A total of 58 samples were from a trial comparing the incidence of malaria in children randomized to receive, beginning at 6 months of age, daily trimethoprimsulfamethoxazole, monthly sulfadoxine-pyrimethamine, monthly dihydroartemisinin-piperaquine, or no therapy for 18 months (V. Bigira et al., submitted for publication). An additional 13 samples were from a trial comparing the incidence of malaria in HIV-infected children aged 2 months to 5 years at enrollment and randomized to receive antiretroviral therapy with either a nonnucleoside reverse transcriptase inhibitor (NNRTI; nevirapine or efavirenz)-based or protease inhibitor (lopinavir-ritonavir)-based regimen (31) . All episodes in children providing samples for this study occurred between July 2010 and June 2011. Subjects who presented to the study clinic with fever were evaluated by examination of Giemsa-stained smears.
At the time of malaria diagnosis and before initiation of therapy, blood from cultures with Ն1% parasitemia of P. falciparum and without other plasmodial species detected by thin smear was collected in heparinized tubes, spotted onto filter paper (Whatman 3MM), and also used to inoculate cultures. Cultures were initiated by centrifuging samples at 3,000 ϫ g for 5 min and removing the plasma supernatant and buffy coat. The pellet was washed 3 times with RPMI 1640 medium. Parasites were then diluted with group O uninfected erythrocytes and cultured at 1% parasitemia in 10 ml RPMI 1640 medium supplemented with 25 mM HEPES, 0.2% NaHCO 3 , 0.1 mM hypoxanthine, 100 g/ml gentamicin, and 0.5% Albumax II serum substitute to produce a packed cell volume of ϳ2%. Cultures were maintained with replacement of medium with fresh medium every 2 days and dilution of erythrocytes with fresh cells as needed to maintain parasitemias at ϳ1 to 2%. Culture aliquots were spotted onto filter paper at regular intervals, generally every 1 to 3 days.
DNA isolation and amplification. Parasite genomic DNA was isolated from filter paper blood spots placed into 100 l of water by saponinChelex extraction (32) . The pfmdr1 and pfcrt genes were then amplified using primers designed to span the N86Y, D1246Y, and K76T alleles (Table 1) ; for each reaction, one of the PCR primers (ADS2388FPB for pfmdr1 N86Y, ADS2389FPB for pfmdr1 D1246Y, and ADS2555FPB for pfcrt K76T) was biotinylated. PCR was performed using 1 l of extracted DNA in a 15-l final reaction volume containing 3 mM MgCl 2 ,200 M each deoxynucleoside triphosphate, 6 pmol each of forward and reverse primers, and 0.75 U HotStar Taq polymerase (Qiagen). The samples were amplified in a Bio-Rad C1000 thermal cycler with initial activation at 95°C for 15 min and 45 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 30 s, followed by a final incubation at 72°C for 10 min. Amplicons were assessed by electrophoresis before sequencing.
Pyrosequencing. Reactions were carried out at EpigenDX. Biotinylated PCR products (10 l of a 15-l reaction mixture) were bound to streptavidin beads and converted to single-stranded DNA sequencing templates using a PyroMark Q96 vacuum workstation (Qiagen) (33) . The single-stranded DNA was sequenced with a specific primer (Table 1) pfcrt position 76 pyrosequencing primer AGTTCTTTTAGCAAAAATT ing a pyrosequencing PSQ96 HS system following the manufacturer's instructions (Qiagen). Every pyrosequencing run included negative controls and positive controls with known sequence; as pyrosequencing data are provided within a sequence context, the likelihood of false reads is low.
The sequences of each sample were analyzed using PSQ software, and alleles were quantified as the percentage of each base at sites of interest. Determination of copy number. Estimates of pfmdr1 gene copy number were carried out by quantitative PCR, as previously reported (34, 35) , using a 7500 real-time PCR system (Applied Biosystems). Results were normalized to those for control strains 3D7 (1 copy) and Dd2 (4 copies).
Statistical analysis. Fisher's exact test was used to compare outcomes. A two-tailed P value of Յ0.05 was considered statistically significant. Selection coefficients for all samples that were not stable throughout culture were calculated assuming a generation time of 48 h, using a model of haploid inheritance (36) .
RESULTS

Collection of samples during culture.
At the time of diagnosis of malaria (day 0), blood was collected on filter paper, samples were placed in culture, and the cultures were maintained for 3 to 36 days. A total of 69 fresh isolates of P. falciparum were successfully followed in culture. At frequent intervals (generally 1 to 3 days), culture specimens were spotted onto filter paper. Results for at least 4 separate time points were available for all but 5 cultures (results for 2 time points were available for one and results for 3 time points were available for 4). The mean number of time points for which results were available was Ͼ6 for both alleles (Table 2 ). One culture was followed for 3 days, but all others were followed for Ն6 days, with 80% being followed for Ͼ10 days.
Selection of parasite genotypes in culture. For each time point of isolate collection from cultures of samples derived from individuals in the two clinical trials described above, parasite DNA was isolated, pfmdr1 regions of interest were amplified, and the sequences at the N86Y and D1246Y alleles were quantified by pyrosequencing. A total of 460 successful pyrosequencing reactions were performed for the pfmdr1 86 allele and 431 successful pyrosequencing reactions were performed for the pfmdr1 1246 allele. Varied patterns of genotype prevalence were seen over time (Fig.  1 ). Genotypes were stable at position 86 for 56% of samples and at position 1246 for 46% of samples over 3 to 36 days of culture, with over 90% of sequences being either wild type or mutant for every time point (Table 3 ). Many of these samples were likely homogeneous at the alleles of interest at the time of collection. Results at the two loci differed: for position 86, most samples with stable The remainder of the samples showed mixed patterns, allowing us to assess the likelihood of selection of either wild-type or mutant sequence at the 86 and 1246 positions (Table 3) . We defined selection as a change in prevalence of an allele by Ն15% between the first and last available sequencing result. With this definition, 28% of sequences at the 86 position and 34% of sequences at the 1246 position showed no change in prevalence of wild-type and mutant alleles over the course of culture. At the 86 position, 11 samples showed selection, and 8 of these had selection for the mutant 86Y sequence. At the 1246 position, 14 samples showed selection, and 9 of these had selection for the wild-type D1246 sequence (P ϭ 0.11 for comparison of selection of the mutant sequence at the two alleles). Selection was seen at both the 86 and 1246 positions in 7 samples: 5 selected for 86Y and D1246 and 1 each selected for N86/D1246 and N86/1246Y. With more stringent definitions for selection, the numbers of isolates with selection decreased, but trends remained the same. For example, with selection defined as a change in prevalence of 20% or greater at two or more time points, at position 86 selection was toward 86Y in 3 of 4 samples and at position 1246 selection was toward D1246 in 7 of 9 samples. Lastly, for cultures either stable at or selected for a particular allele, for N86 the sequence was mutant 86Y in 80% and for D1246 it was wild type D1246 in 64% (P ϭ 0.0001 for the mutant sequence at the two alleles). Comparison of selection coefficients was limited by the small sample size, but for samples that showed any changes in culture, selection coefficients varied greatly and were not significantly different from zero (median trend toward selection of the mutant sequence for pfmdr1 It was also of interest to determine if changes in pfmdr1 copy number were selected in culture. The pfmdr1 copy number was successfully estimated for 57 day 0 samples. For all but 1 sample, the copy number was estimated to be 1, and for 1 sample it was estimated to be 2 (mean, 1.95, on the basis of 8 duplicate or triplicate readings yielding 20 total data points). That sample, which had stable 86Y and D1246 sequences, had a decrease in copy number from 2 to 1 over 19 days of culture.
We also assessed the pfcrt K76T polymorphism, which was successfully assessed for 57 day 0 samples; 48 (84%) had the mutant sequence, 1 (2%) had mixed sequences, and 8 (14%) had the wildtype sequence (considering 10 to 90% of either allele to be mixed).
Of 27 samples evaluated at the last culture time point, 19% had mixed or wild-type sequences, whereas 16% had mixed or wildtype sequences on day 0, indicating a slight and nonsignificant trend toward selection of wild-type parasites. We also considered the potential impact of the pfcrt genotype on selection of pfmdr1 genotypes, as linkage disequilibrium has been noted between pfcrt 76T and pfmdr1 86Y (37) . For the 55 samples successfully evaluated at pfmdr1 position 86 and pfcrt position 76 at day 0, 2 had wild-type or mixed (Ͻ90% mutant) sequences at both alleles, 6 had the mutant sequence at position 86 and wild-type or mixed sequences at position 76, 25 had the mutant sequence at position 76 and wild-type or mixed sequences at position 86, and 22 had mutant sequences at both alleles (P ϭ 0.25 for the association between the two alleles). Of the 44 evaluable samples that had the pfcrt 76T genotype at initiation of culture, 6 selected for the pfmdr1 86Y genotype, 2 selected for the N86 genotype, 10 had mixed genotypes during culture, and the remainder were stable. Of the 8 samples that had the pfcrt K76 genotype or a mixed genotype at initiation of culture, none selected for a different pfmdr1 genotype.
Impacts of recent antimalarial therapy on selection of genotypes in culture. In both of our longitudinal trials, uncomplicated malaria was treated with artemether-lumefantrine, and many children were treated prior to the episode for which samples were collected. It was considered unlikely that prior therapy would impact selection in culture, but we considered this possibility. Samples from children with prior treatment with artemether-lumefantrine within 60 days were more likely than those from children without recent treatment to have a stable mutant genotype at position 86 and a stable wild-type genotype at position 1246, but prior treatment history was not associated with differences in selection in culture (Table 4) . Considering regular chemoprevention regimens, most of the samples from the chemoprevention trial were from children not receiving therapy at the time of sample collection, either because they had not yet been randomized or because they were randomized to the no-chemoprevention control arm; for the trial comparing antiretroviral regimens, samples were equally distributed between the two arms. The sample sizes for specific comparisons were small, but in all cases, there were no obvious associations between treatment arm and selection of particular genotypes in culture (see Tables S1 and S2 in the supplemental material).
DISCUSSION
We used pyrosequencing to evaluate the likelihood for malaria parasites cultured from Ugandan children to undergo selection toward wild-type or mutant sequences at two alleles in the pfmdr1 a Wild-type alleles are N86 and D1246; mutant alleles are 86Y and 1246Y. Percentages were calculated for each category. b P ϭ 0.0002 for comparisons of outcomes between alleles using two-tailed Fisher's exact test. c P ϭ 0.11 for comparisons of outcomes between alleles using two-tailed Fisher's exact test.
gene that are commonly polymorphic in Africa. Many samples did not demonstrate selection over 3 to 36 days of culture, either because they consistently demonstrated only a single allele or because, despite containing both alleles, they did not change the proportions of the alleles over time. For samples with a stable high prevalence of a single allele, the pattern was most commonly pfmdr1 86Y and D1246. When selection was evident, it was most commonly toward pfmdr1 86Y and D1246. Thus, in a setting with a high prevalence of mixed infections and a high baseline prevalence of the pfcrt 76T allele, our results suggest selective advantages independent of drug pressure for parasites with the mutant allele at pfmdr1 position 86 and the wild-type allele at position 1246. Selection of pfmdr1 sequences by key ACT partner drugs is quite well characterized. Prior use of amodiaquine selects in subsequent infections for the mutant sequence at both the 86 and the 1246 positions, while prior use of lumefantrine selects in the opposite direction at both alleles (16, 17, (19) (20) (21) (22) . The impacts of the position 86 and 1246 polymorphisms on in vitro drug sensitivity are modest but generally as predicted by selection experiments, with N86 and D1246 leading to improved sensitivity to chloroquine and amodiaquine but decreased sensitivity to mefloquine, halofantrine, lumefantrine, and artemisinins (9) (10) (11) (12) ). An increased copy number of pfmdr1 has a more pronounced effect on drug sensitivity, but this polymorphism is not commonly detected in Africa (38) (39) (40) .
Our results are consistent with most of the limited available literature on pfmdr1 polymorphisms and parasite fitness. In studies of coculture of parasites that had the wild-type sequence or 4 polymorphisms (184F, 1034C, 1042D, 1246Y) in pfmdr1, wildtype parasites outgrew the quadruple mutants (27) . In a prior study from our group in Uganda, ex vivo culture of fresh isolates with mixed genotypes at the pfmdr1 86 locus demonstrated selection of the mutant 86Y allele (30) ; in that study, selection was not seen at the 1246 allele. These limited results suggest selective advantages for the 86Y mutant and D1246 wild-type sequences. In contrast, in the Gambia, a greater prevalence of pfmdr1 N86 wildtype parasites was seen at the beginning of the transmission season than later in that season, suggesting a selective advantage for parasites with the wild-type N86 sequence, as fitness might be a more dominant selective pressure during the dry season, when drug use is low (29) . A selection in the Gambia opposite that seen in Uganda might be explained by the very different means by which selection was assessed or by the very low prevalence of the 1246Y polymorphism in West Africa, which might affect selective pressure at the 86 allele. In all of these cases, the impacts of pfmdr1 single nucleotide polymorphisms on parasite fitness have appeared to be modest and probably less than the effects of alterations in pfmdr1 copy number (28) . We found only one sample with an increased copy number of pfmdr1 at day 0, and in that case, the parasites had only a single copy after 19 days of culture, consistent with the fitness disadvantage of increased copy number demonstrated previously (28) . Most parasites had the pfcrt 76T mutation that mediates chloroquine resistance and has been widespread in Uganda for many years, and minimal selection toward the wild-type sequence was seen in culture. The high prevalence of the pfcrt 76T genotype may have facilitated our observed selection of pfmdr1 86Y, as linkage disequilibrium has been observed between these two mutant genotypes (36) . However, analysis of day 0 genotypes did not identify an association between pfcrt position 76 and pfmdr1 position 86 polymorphisms. Considering selection, all parasites that underwent selection of the pfmdr1 86Y genotype also harbored the pfcrt 76T mutation, but selection of the wildtype N86 sequence was also seen in parasites with 76T, and a small sample size and low prevalence of the pfcrt K76 genotype limited our ability to ascertain the importance of the pfcrt genotype in driving selection at pfmdr1 position 86.
Our study had important limitations. First, logistical constraints necessitated maintenance of cultures for varied lengths of time and collection of DNA at varied sampling intervals. Comparison of selection coefficients was limited by the small and varied sample sizes for each culture interval. Thus, we could not quantifiably assess the contributions of genotypes to fitness; rather, we could assess only the consequences of varied times in culture on parasite genotypes. Second, our study was designed to assess changes in cultures of clinical samples and was thereby limited by the makeup of samples from study subjects. Most samples did not show any change in the prevalence of polymorphisms of interest during culture, limiting the sample size for key comparisons. Third, because of limited success in adaptation of low-parasitemia cultures, only those with parasitemias of Ն1% were studied. This design may have introduced bias, as results for parasites not successfully cultured are unknown. Fourth, we did not assess the full sequences of pfmdr1 or sequences of other portions of the genomes of parasites under study. In multiple prior studies, we did not see variation at other known polymorphisms in pfmdr1, except for the 184 allele, in which the polymorphism has uncertain relevance, and so survey of the full sequence of pfmdr1 for each sample was not deemed necessary. We did analyze for changes in pfmdr1 copy number and the pfcrt K76T allele, but the low prevalence of parasites with an increased copy number or the wild-type pfcrt genotype limited this analysis. Fifth, related to the points identified above, our available sample size did not allow us to demonstrate statistically significant selection of pfmdr1 polymorphisms of interest. This result is not surprising, as numerous genetic variations, in addition to those assessed in pfmdr1, likely impact parasite fitness. Nonetheless, our consistent results suggest that the pfmdr1 86Y and D1246 alleles exert modest selective fitness advantages for P. falciparum. Our results offer insight into the complex interplay between drug resistance and fitness in malaria parasites. Two single nucleotide polymorphisms associated with the same impacts on resistance to different antimalarials appear to have opposite effects on fitness, with pfmdr1 86Y and D1246 appearing to have fitness advantages. This situation may explain the lack of strong selection for pfmdr1 genotypes seen in Africa. In most of Africa, widespread use of chloroquine selected strongly for the mutant pfcrt 76T genotype, despite a clear fitness disadvantage. In contrast, pfmdr1 genotypes have generally remained complex, with a high prevalence of wild-type and mutant sequences. Currently in Africa, with widespread use of two ACTs, artesunate-amodiaquine and artemether-lumefantrine, parasites are subject to complex selective pressures at pfmdr1 alleles, with artemisinins and lumefantrine selecting for wild-type N86 and D1246 sequences, amodiaquine selecting for mutant 86Y and 1246Y sequences, and fitness constraints apparently selecting for the 86Y and D1246 sequences. Selective effects on other portions of the P. falciparum genome are undoubtedly also occurring, and continued observation of the impacts of chemotherapy on the drug sensitivity and fitness of malaria parasites is warranted. In addition, policy makers may consider adoption of treatment regimens to limit the selection of parasites with decreased drug sensitivity, by alternating first-line regimens with opposite selective pressures and/or by utilizing ACTs whose components have opposite selective pressures (41) .
